abstract: Recent studies suggest that estrogens play an important role in male fertility. Estrogen signaling is mediated by Estrogen Receptors (ERa and ERb). Association of ERb with male infertility has not been analyzed to date except for genotyping of known polymorphisms in two different studies, which yielded controversial interpretation. Hence, we performed sequencing of all the exons and untranslated regions of ERb gene in 300 infertile and 255 fertile control Indian men. We identified eight novel mutations and four known single nucleotide polymorphisms (SNPs). Of the eight novel mutations, four were non-synonymous, of which one was detected only in infertile men, whereas the other three mutations were detected only in fertile men. Using different bioinformatics tools, we predicted that non-synonymous mutations were benign and they neither altered the structure nor the function of the protein. Among synonymous novel mutations, one was detected in both fertile and infertile men, two were exclusive to infertile men and one was exclusive to fertile men. None of the known SNPs or novel mutations showed statistically significant difference between infertile and fertile men. Moreover, infertile men having ERb mutations had normal reproductive tract and serum hormone levels. Our results suggest that the SNPs and mutations in ERb gene are not a common cause of spermatogenesis failure in Indian men, although mutations specifically found in infertile men can affect transcription, translation or have synergic effect with other variants in causing infertility.
Introduction
Impaired fertility of male partner is contributory in approximately 50% of couples unable to conceive after regular intercourse over a period of 12 months, although the underlying causes of male subfertility are not fully elucidated (Meschede and Horst, 1997) . The role of estrogens in regulation of testicular function is widely accepted (Rochira et al., 2005; Saunders, 2005) . In males, testes act as the sites of estrogen biosynthesis (Saunders, 2005) and the estrogen concentration in semen is higher than the serum estradiol concentration in females (Hess et al., 1997) . Estrogen Receptors (ERs) are the major mediators of estrogen signaling, of which two subtypes have been reported-ERa and ERb (Rago et al., 2006) . ERa knockout mice are infertile (Lubahn et al., 1993) because of testicular atrophy in adult (Eddy et al., 1996) , and this phenotype arises because of dilation of efferent ductules due to an inhibition of fluid resorption (Hess et al., 1997) . A recent study on knock-in mice showed that mutation in ligand-binding domain of ERa does not affect fluid reabsorption, but affects germ cell viability. This study concludes that ligand independent ERa signaling is important for concentrating epididymal sperm, whereas estrogen-mediated ERa signaling is essential for germ cell progression and/or viability (Sinkevicius et al., 2009) . Unlike the ERa knockout mice, the ERb knockout mice were fertile, but showed prostate and bladder hyperplasia (Krege et al., 1998) . In humans, the ERb gene has been mapped on the long arm of chromosome 14. As compared with the ERa, it has 96% conserved amino acid sequence in the DNA-binding domain, but only 58% conserved residues in the ligand-binding domain (Tsukamoto et al., 1998) . It has been shown that in breast cancer cell line, 17b-estradiol (E2), in the presence of ERa, elicits proliferation (Koehler et al., 2005) , whereas in the presence of ERb, it inhibits proliferation (Strom et al., 2004) . Other reports suggest that ERb modulates the effects of ERa (Saunders, 2005) . Polymorphisms in ERa gene have been shown to be associated with male infertility in a few studies (Kukuvitis et al., 2002; Suzuki et al., 2002; Galan et al., 2005) . However, the ERb gene has not been analyzed extensively for its role in male infertility. To our knowledge, only two studies have analyzed the association of CA repeat length and RsaI polymorphisms with male infertility (Aschim et al., 2005; Khattri et al., 2007) . Hence, in the present study, we have analyzed all exons as well as 5 0 and 3 0 untranslated regions (UTRs) of ERb gene in 555 Indian men including 300 infertile and 255 fertile men.
Materials and Methods

Subjects and controls
Blood samples were collected from men attending the Infertility Institute and Research Centre (IIRC; Hyderabad, India) and the Institute of Reproductive Medicine (IRM; Kolkata, India). Informed written consent was obtained from all participating individuals, and permission to proceed was granted by the Institute Ethical Committee. A team of expert urologists and andrologists performed a detailed clinical examination and recorded the complete case history. Men with prolonged history of infertility (3-8 years), who did not exhibit any known cause of infertility, such as obstruction, endocrinological defect, karyotypic abnormality and undervirlization were included in the study. Men who exhibited deletion or mutation in our previous studies on the analysis of Y chromosome microdeletions (Thangaraj et al., 2003a; unpublished data) , DAZ copy deletions (Rani et al., unpublished data) and mitochondrial ND4 gene (Selvi Rani et al., 2006) were excluded. A total of 300 infertile men, who satisfied the above criteria were selected from our repository of nearly 800 samples of infertile men. Infertile men were further identified as one of the three subtypes in accordance with World Health Organization criteria (WHO Report, 2000) ; 140 azoospermic (Azoo; no sperm in ejaculate), 58 oligoasthenozoospermic (OA; ,20 Â 10 6 /ml sperm concentration, ,50% motile sperm) and 102 oligoasthenoteratozoospermic (OAT; ,20 Â 10 6 /ml sperm concentration, ,50% motile sperm, ,30% sperm with normal morphology). A total of 255 ethnically matched men who, in accordance with WHO guidelines (WHO Report, 2000) , exhibited normal semen parameters (25-130 Â 10 6 /ml sperm concentration) and possessed normal levels of inhibin B, Testosterone (T), leutinizing hormone (LH), and follicle stimulating hormone (FSH) were included in this study as controls. In addition, every fertile man in the control group had fathered at least one child. Paternity was verified using short tandem repeat (STR)-based DNA fingerprinting (AmpFlSTR w Identifiler w kit; Applied Biosystems, Foster City, CA, USA). The infertile men included in this study belonged to Indo-European, Tibeto-Burman and Dravidian linguistic families and were inhabitants of mostly West Bengal and Andhra Pradesh. The fertile men belonging to the same linguistic families and inhabitants of the same geographical regions were selected as controls.
PCR and sequencing
DNA from peripheral blood samples were extracted using a protocol described previously (Thangaraj et al., 2002) . Primers for exon 2 and 6 of ERb gene were designed as described by Zhao et al. (2004) , whereas we designed and custom-synthesized primers (Sigma Aldrich Chemicals Pvt. Ltd, Bangalore, India) for the rest of the exons and UTRs (Table I) . PCR reaction was performed either in Veriti (Applied Biosystems, Foster City, CA, USA) or DNA Engine (Bio-Rad, Hercules, CA, USA) Thermal Cyclers using the following conditions: 948C for 10 min, 35 cycles at 948C for 45 s, annealing temperature as in Table I for 30 s and 728C for 1 min/Kb and a final extension at 728C for 7 min. As the GC content of 5 0 UTR is very high (65.6%), 20% (v/v) 5 M Betaine (Sigma-Aldrich) was added as PCR enhancer. Amplicons were directly sequenced using the BigDye Terminator v3.1 ready reaction kit (Applied Biosystems, Foster City, CA, USA) and analyzed in an ABI 3730xl automated DNA Analyzer (Applied Biosystems) without further purification, as the concentrations of primer and dNTPs were optimized during PCR (Thangaraj et al., 2003b) . Novel mutations were confirmed by resequencing the PCR amplicons after treating with Exonuclease I and Shrimp Alkaline Phosphatase (ExoSAP-IT w ; USB Corporation, Cleveland, OH, USA). The reference sequences of all exons, 5 0 and 3 0 UTRs were downloaded from http://www.ensembl.org (Ensembl gene ID ENST00000341099 and Ensembl Transcript ID ENST00000341099). Sequences of infertile and fertile men were edited and compared with the reference sequences using AutoAssembler software-version 2.1 (Perkin-Elmer, Foster City, CA, USA) and CodonCode Aligner version 2.0.5 (CodonCode Corporation, Dedham, MA, USA). Nucleotide substitutions and deletions were noted for further analysis.
Cloning of PCR product
The g.265_266insC (rs3832949) mutation in 5 0 UTR was always found in heterozygous condition. In order to confirm this mutation, we cloned the PCR product in pCR w 4-TOPO w vector using TOPO TA Cloning kit (Invitrogen). Ligation and transformation were performed as described in the user manual of the kit. Plasmid DNA was prepared from the liquid cultures of the white colonies (having cloned recombinant DNA; colonies having self ligated plasmids turned blue) using alkaline lysis method (Sambrook et al., 1989) . Ten independent plasmids containing the recombinant DNA were amplified and the amplicons were sequenced as described above, using the universal M13 forward and reverse primers.
Statistical analysis
To estimate the risk of infertility, allele and genotype frequencies were compared between the groups using Statistics Package for Social Sciences, version 16 (SPSS Inc., Chicago, IL, USA). In a x 2 -test for association, Odds Ratios (OR) at their 95% confidence intervals (95% CI) were calculated and P-value , 0.05 was considered significant. Deviations from HardyWeinberg Equilibrium (HWE) and different models of association (associative, dominant and recessive) were evaluated using online resource at 
Results
Sequencing of all the eight exons as well as 5 0 and 3 0 UTRs of ERb gene led to the detection of four known single nucleotide polymorphisms (SNPs) and eight novel mutations (Table II and Fig. 1 ). The distribution of all the SNPs was consistent with HWE (P , 0.01) in both infertile and fertile men. Among the eight novel mutations, two were in 5 0 UTR, one in exon 1, two in exon 4, two in exon 7 and one was in intron 7. All the novel mutations were detected in different men and always in the heterozygous condition with very low minor allele frequency. In the 5 0 UTR, we identified two novel mutations and a reported insertion; of these novel mutations, g.125:C.T was detected only in one azoospermic man, whereas the g.126:G.C was detected only in one fertile man (Table II, Fig. 1a and b) . The insertion in 5 0 UTR, g.265_266insC (rs3832949) was detected in men of all categories in low frequency. As this SNP was always in the heterozygous condition, we confirmed it by cloning the PCR product, followed by sequencing. The distribution of g.265_266insC did not show any significant difference between infertile men or their subgroup and fertile men (Table II and Fig. 1c) . In exon 1, a novel non-synonymous mutation (g.11574:G.A) was detected in a fertile man causing p.Gly67Ser change (Table II and Fig. 1d) . In exon 4, we detected two novel non-synonymous mutations (g.33666:G.A and g.33708:G.A); of these, g.33666:G.A caused p.Asp236Asn change and was found only in a fertile man (Table II and Fig. 1e ). On the other hand, g.33708:G.A caused pGly250Ser change and was detected in two azoospermic men (Table II and Fig. 1f) . In exon 5, silent SNP g.37028:G.A (RsaI/rs12587432) was detected (Table II) ; it did not show any significant difference when RsaI genotypes were compared between infertile men or their subgroup with fertile men (Khattri et al., 2007) . In exon 7, we detected two novel mutations (g.59281:C.T and g.59346:G.A); of these g.59281:C.T was synonymous and was detected in one fertile man (Table II and Fig. 1g ), whereas g.59346:G.A caused p.Arg454His change and was detected in two fertile men (Table II and Fig. 1h) . In intron 7, we detected a novel mutation, g.59432:G.A, in four infertile men (one OAT and three Azoo men) (Table II and Fig. 1i) . SNP g.61034:A.G (rs944050) in intron 7 did not show any significant difference in distribution of its alleles (and genotypes) when compared between infertile men or their subgroup with fertile men (Table II) . Similarly, g.61263:G.A (AluI/rs4986938) in 3 0 UTR did not show any significant difference when its genotypes were compared between infertile men or their subgroup with fertile men (Table II) . We checked the conservation of non-synonymous mutations across various mammalian species and found that p.Gly67Ser and p.Arg454His (both detected only in fertile control men) were conserved, whereas p.Asp236Asn and p.Gly250Ser were not (Table II and Fig. 2) . The structure of ligand-binding domain of ERb is available in the Protein Data Bank (amino acid 255-509; PDB entry 1QKM) and the p.Arg454His mutation is in the ligand-binding domain. We used different secondary structure prediction tools (Jpred and NNpredict) to analyze the affect of this mutation on secondary structure. Our analysis showed that although Arg454 is conserved across mammalian species, it did not cause any change in secondary structure, as both wild type (Arg454) and mutated (His454) residues were predicted in the helix element. The other non-synonymous mutations were in the region of protein where the structure is not available (amino acid 1-255). We attempted to analyze, if they cause any change in the secondary structure by using secondary structure prediction tools, but these tools failed to predict the secondary structure elements in these regions. Moreover, analysis of all non-synonymous mutations with PolyPhen predicted them as benign i.e. they lack any phenotypic effect.
In order to see if mutations found specifically in infertile men have an effect on the fertility, we investigated the case history of men having mutations and analyzed these mutations using bioinformatics tools. The azoospermic men having g.125:C.T, g.33708:G.A or g.59432:G.A mutation had serum hormone levels within normal range (Table III) . The hormonal profile of an OAT man having g.59432:G.A mutation was not available. Moreover, infertile men with ERb mutations did not show any reproductive tract abnormality. Their testicular sizes were within normal range except for the azoospermic man having g.125:C.T mutation (Table III) who had smaller testicular volume as compared with other men. Biopsy report of this man showed that he had a Sertoli-Cell-Only Syndrome (SCOS). Bioinformatics analysis of the novel mutation g.59432:G.A (detected in an OAT and three Azoo men) using FASTSNP showed that it affects the potential transcription factors binding site. In wildtype sequence GATA-2 and GATA-1 binding sites were predicted, whereas in the mutant sequence, instead of these sites, GATA-3 and Ik-2 binding sites were predicted. Similar analysis of other mutations specific to infertile men showed that they did not alter/diminish the binding sites of transcription factors or exonic splicing enhancer or silencer (ESE or ESS).
Discussion
In the present study, sequencing of all the exons and UTRs of ERb gene revealed eight novel mutations. Of these, five mutations were in exons, including one synonymous and four non-synonymous. Of these four non-synonymous mutations, only one was detected in infertile men (g.33708:G.A in exon 4 of 2 azoospermic men), whereas the other three were only found in fertile control men (Table II) (even without applying of correction for multiple testing; Table II) . Furthermore, bioinformatics analysis of non-synonymous mutations failed to predict any obvious effect on the structure or function of the protein, although two mutations (both only detected in fertile men) were conserved across various mammalian species (Fig. 2) . These observations suggest that mutations in the ERb gene are not a common cause of spermatogenesis failure in Indian infertile men. Nonetheless, mutations exclusively present in infertile men (g.125:C.T, g.33708:G.A and g.59432:G.A in 5 0 UTR, exon 4 and intron 7, respectively) should not be overlooked. Of these, g.125:C.T and g.59432:G.A were of interest as the azoospermic man with g.125:C.T mutation had smaller testicular volume and SCOS, and the g.59432:G.A mutation could alter the transcription factor binding sites and hence could affect ERb transcription. The g.59432:G.A mutation was detected in an OAT and three azoospermic (Azoo) men, but was completely absent in fertile control men, indicating its role in infertility, however, the azoospermic men with g.59432:G.A mutation did not exhibit any apparent physical or hormonal abnormality (Table III) . Though the g.125:C.T mutation was detected in an azoospermic man having smaller testicular volume and SCOS, we cannot attribute this mutation as a real cause, as there can be other reasons for the phenotype and this mutation was not detected in any other man.
To overcome the problem of male infertility, some centers use in vitro cultures of immature germ cells for assisted reproductive techniques (ARTs) (Sofikitis et al., 2005) . We expect that germ cells from individuals having mutations in ERb gene, if used for ART, should undergo meiosis, since ERb knockout mice were fertile with mature sperm (Krege et al., 1998) . However, other effects of these mutations cannot be predicted from our data, as hypertension (Zhu et al., 2002) and brain development abnormalities (Wang et al., 2001) were observed in ERb knockout mice. Though, the present data do not support the role of ERb mutations in male infertility they may have synergic effect with some other variants. Mutation p.Gly67Ser and p.Arg454His were conserved across various mammalian species, whereas p.Asp236Asn and p.Gly250Ser were not conserved.
Prior to our study, ERb gene polymorphisms have been analyzed for its association with different diseases, such as breast cancer (Forsti et al., 2003; Gold et al., 2004) , high bone mineral density (Ogawa et al., 2000a, b) , Alzheimer's disease in women (Pirskanen et al., 2005) , systemic blood pressure in post-menopausal women (Ogawa et al., 2000a, b) and male infertility (Aschim et al., 2005; Khattri et al., 2007) , but no comprehensive study is available where the sequencing of complete coding region of ERb gene has been performed, except for a study on Nigerian healthy individuals (Zhao et al., 2004) . Aschim et al. (2005) have analyzed RsaI (rs12587432) and AluI polymorphism and found that the RsaI AG genotype was approximately 3 times increased in Caucasian infertile men. However, in our previous study, we analyzed these two polymorphisms, but we did not find significant association of any of these polymorphisms with infertility in Indian men. Haplotype analysis also failed to identify any association with infertility (Khattri et al., 2007) . Supporting our earlier results, mutation screening of UTRs and exons of ERb gene in the present study could not identify statistically significant association with male infertility, except for few novel mutations. Non-association of ERb with male infertility, in our study, also supports the previous observation, where ERb knockout mice were found to be fertile (Krege et al., 1998 ).
An earlier study on the sequencing of ERb gene in Nigerian healthy individuals by Zhao et al. (2004) led to the identification of five novel polymorphisms, but none of those were found in our population (both fertile and infertile men), which is consistent with the fact that Indians and Africans are entirely different populations having unique ethnic origin. We have earlier demonstrated that the A386G in the DAZL gene is not associated with male infertility in Indian subcontinent , whereas this mutation was found to be associated with severe spermatogenic failure in the Taiwanese population (Teng et al., 2002) . Similarly, expansion of CAG repeat length in the androgen receptor was reported to be associated with male infertility (Patrizio et al., 2001 ), whereas we did not find any significant difference in the CAG repeat length between infertile and fertile men (Thangaraj et al., 2002) . This trend is not only observed in the genes related to infertility, but also in other genes involved in sex determination (Rajender et al., 2006) , alcoholism Rao et al., 2007) , mitochondrial disorders and in cardiomyopathies (Dhandapany et al., 2009) . Hence, though we failed to find the association of ERb gene polymorphisms with infertility in Indian men, these results should not be extended to other populations, as this may not be the case for other ethnically different populations; more studies are required to confirm our results. Moreover, screening of mutations specific to infertile men in other populations of infertile men will substantiate or negate our finding that these mutations have role in developing male infertility. 
